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ARTICLE INFO ABSTRACT
Keywords: Study region: Rotian river catchment, Adige river basin, Eastern Italian Alps.
Extréme precipitation Study focus: Time-dependent precipitation frequency analyses are often hampered by the avail-
Debris flows ability of relatively short data records, which result in large uncertainty in the estimation of
SMEV . o .

. extremes. Non-asymptotic statistical methods, based on ordinary events rather than extreme
Exceedance probability . . . ..
Alps events only, represent a potential solution to the problem of data scarcity and are finding

application in literature under the assumption of stationarity. This study adopts a time-dependent
model for the statistical analysis of sub-hourly to multi-day precipitation extremes based on the
Simplified Metastatistical Extreme Value (SMEV) approach. The aim is twofold: (i) evaluate the
time-dependence in extreme precipitation probability over the past decades and (ii) estimate the
temporal variations in the annual exceedance probabilities of the record-breaking Vaia storm by
focusing on a catchment that was severely impacted by the event.

New Hydrological Insights for the Region: Precipitation extremes in the study region increase over
time, particularly for short durations. The largest increase in the design rainfall is observed for
sub-hourly and hourly durations, indicating that enhanced convective activity can be a major
factor driving the observed changes in the intensity and frequency of precipitation extremes. We
find that the probability of observing events like Vaia increased significantly over the past de-
cades, leading to the need for updating local adaptation measures.

1. Introduction

Extreme precipitation events and ensuing flood and debris flow hazards underlie many of the most significant challenges society
faces (Kirchmeier-Young and Zhang, 2020). Their negative impacts on both natural and human environments are responsible for
immeasurable human losses and billions of euros in economic damages (Doocy et al., 2013; Nissen and Ulbrich, 2017). In the last
decades, climate change has been determining an increase of the intensity and frequency of extreme precipitation events (IPCC et al.,
2023). Even though the climate is known to be changing in time, precipitation frequency analysis has traditionally been developed
assuming a time-invariant probability distribution (the ‘stationarity’ assumption, Salas et al., 2018). This is because the lack of pre-
dictability about the details of any future changes has often made stationarity the only practical assumption for flood risk management
(Serinaldi and Kilsby, 2015). Recently, however, this assumption has been questioned as the observational evidence at the global scale
supporting non-stationary time-dependent models increases (Wasko et al., 2024; Wright et al., 2019). In general, considering
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Fig. 1. Map of the Rotian river catchment, with indication of the headwater. The inset reports the Rotian catchment and the six stations considered
in this study, among which four are located within 10 km from the catchment (radius of the black circle).

non-stationarity can be more challenging in the context of precipitation frequency analysis, due to the higher complexity of the models
used. However, non-stationary models can determine better and more flexible flood risk management options (Salas et al., 2018).

The implementation of non-stationary hydrological frequency analysis has often been hampered by the relatively short datasets and
the resulting high uncertainty. This limitation can be reduced using non-asymptotic techniques that exploit the information provided
by ordinary events to estimate extremes, such as the Metastatistical Extreme Value (MEV) Distribution, first formulated by Marani and
Ignaccolo (2015). Specifically, the Simplified MEV (SMEV) approach (Marra et al., 2019), which improves the flexibility of the model
at the price of neglecting interannual variability, has already found application in hydrological studies using stationary frequency
analysis for the estimation of precipitation extremes in diverse climates (e.g., Marra et al., 2022; Amponsah et al., 2022; Dallan et al.,
2023) and in future scenarios (Marra et al., 2021; Dallan et al., 2024a). However, the implementation of a non-stationary version of the
method has found limited application so far. Vidrio-Sahagtin and He (2022) compared MEV and SMEV non-stationary formulations to
GEV-based non-stationary models, both in synthetic and real case studies carried out in Mexico. Their results showed that SMEV-based
models provided improved accuracy and reduced uncertainty in the estimation of extremes compared to GEV and MEV.

The analysis of the severity of extreme precipitation events, and its change with time, is fundamental during ex-post evaluation of
interventions in support of future adaptation strategies in flood risk management (Norbiato et al., 2007; Kreibich et al., 2017). This is
particularly relevant for record-breaking events, which can take citizens and local flood managers by surprise, resulting in catastrophic
damage and loss of life (Viglione, 2023). A clear example of these events is represented by the Vaia storm that hit North-Eastern Italy
on October 2018. For daily and multi-day durations, Vaia was the most severe precipitation event of the region since the start of
measurements (Giovannini et al., 2021; Sioni et al., 2023). This event was already analyzed from a geomorphological perspective
focusing on the role played by debris flows and debris floods (Martini et al., 2020; Rainato et al., 2021; Brenna et al., 2023) but the
severity of the event in terms of precipitation using a non-stationary statistical methodology has not been explored yet. This aspect is
particularly relevant, as significant positive trends in extreme precipitation were reported in the area (Libertino et al., 2019; Dallan
et al., 2022). More specifically, we analyze the precipitation over the Rotian headwater catchment, a tributary of the Adige river
system in the Eastern Italian Alps, which was impacted by a catastrophic debris flow leading to the collapse of the check dam system,
resulting in one casualty and massive damages.

In this work we adopt a non-stationary SMEV formulation to estimate the time-dependence in extreme precipitation probability
over the past decades and to assess the temporal variations in the annual exceedance probabilities of the Vaia storm over the Rotian
headwater catchment.

2. Study area and data

The Rotian catchment (Fig. 1), located in the upper Noce river basin, Eastern Italian Alps, has a total extent of 2.5 kmz, amean slope
of around 27°, and it extends from an altitude of about 2050 to 830 m a.s.l. (Fig. 1). The shape of the catchment is elongated along the
main channel path in a north-south direction. Annual precipitation is around 1100 mm yr~}, with large precipitation events typically
occurring during the fall season (Formetta et al., 2022). Mean annual precipitation maxima range from 15 mm at 1 h duration to
70 mm at 24 h (Borga and Zaramella, 2020). Recent analyses carried out over the Trentino region found an increasing temporal trend
in extreme precipitation at sub-daily (Libertino et al., 2019) and sub-hourly durations (Dallan et al., 2022) over the recent decades.
Fig. 1 shows a map of the area with the indication of the Rotian catchment, the headwater catchment and six rain-gauge stations in the
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Table 1
Main information of the stations considered in this study.
Name Elevation [m a.s.l.] Data coverage [years] - total Data coverage [years] - checked
Mezzana 905 29 25
Malé 720 26 25
Pradalago 2084 29 13
Monte Groste 2262 29 14
Pinzolo 760 29 16
Val Breguzzo 1148 28 24
Table 2

Precipitation maxima [mm] measured at the six stations during the Vaia event (27-29 October 2018) and estimated over the Rotian headwater
catchment by combining radar and rain gauges data, for various durations.

Precipitation maxima [mm]

15 min 30 min 45 min 1h 3h 6h 12h 24h 72h
Mezzana 3.4 6.6 9.2 11.2 22.2 36.0 66.0 114.4 228.0
Malé 5.8 8.6 11.6 14.6 33.6 55.6 90.6 118.0 230.4
Pradalago 9.8 15.8 20.0 24.0 43.2 58.2 90.2 163.2 353.6
Monte Groste 7.4 14.0 20.2 25.6 66.4 101.2 163.6 183.0 327.2
Pinzolo 5.0 9.8 14.0 15.6 32.2 51.8 84.2 142.8 281.2
Val Breguzzo 4.4 8.2 11.8 13.8 28.4 52.2 99.0 178.8 301.6
Vaia - Rotian 7.6 13.5 20.7 24.8 53.2 73.4 104.2 165.4 359.0

neighborhood, considered in this study for the non-stationary analysis. Among these, four are located within 10 km from the head-
water catchment (Mezzana, Malé, Pradalago e Monte Groste) and two are further away (Pinzolo and Val Breguzzo). Continuous
cumulated rainfall data at 5 min temporal resolution, collected and managed by Meteotrentino (Autonomous Province of Trento) since
1991, are used. Data are quality-checked and years having a percentage of missing and/or uncertain data greater than 10 % are
discarded prior to the analysis. The final data coverage is 25 years for Mezzana and Malé, 24 years for Val Breguzzo and 16, 14, and 13
years for Pinzolo, Monte Groste and Pradalago stations, respectively (Table 1).

The study area was heavily impacted by the Vaia storm from 27 to 30 October 2018. Vaia hit almost the entire Alpine region, as well
as Liguria and central Italy. In particular, on October 29, 2018, intense precipitation in the Rotian headwater catchment triggered a
huge debris flows that destroyed the local check-dam system and caused a casualty and severe damages in the town of Dimaro
(Papathoma-Kohle et al., 2022; Borga and Zaramella, 2020). Precipitation over the catchment during the Vaia storm was estimated by
integrating data from the rain gauge stations (Table 2) and radar-based rainfall estimates from three nearby radar systems: Monte
Grande (Veneto Region), Monte Macaion (Trento Province) and the Weissfluh station at Davos (Switzerland). Quantitative rainfall
estimation at the ground based on radar reflectivity observations presents the usual challenges that characterize radar rainfall esti-
mation in a mountainous context. The main problems are related to attenuation, strong echoes where the main lobe or side lobes of the
radar beam hit the ground (ground clutter), and to the shielding of the radar beam by the topographic obstacles (Marra et al., 2014).
Radar-based estimates of precipitation at the ground were obtained by applying a complex error correction chain accounting for
attenuation, beam blocking, vertical profile of radar reflectivity, and wind effects (Marra et al., 2014). The radar estimates were then
integrated with data from the rain gauge stations using a co-kriging methodology, to produce estimates characterized by 1 km grid
spacing and 15 min temporal aggregation. Precipitation maxima over the Rotian headwater catchment, where the debris flow was
initiated, range from 24.8 mm at 1 h to 104.2 mm at 12 h and 359 mm over the three event days (Table 2).

3. Methods

A preliminary analysis on the time-dependence of precipitation extremes is conducted by means of a trend analysis on observed
annual maxima (Section 3.1), in order to assess the presence of temporal trends and to compare with the results from the non-
stationary analysis (Section 3.2). The non-stationary analysis allows then to evaluate the structure of the temporal dependence and
the variations of annual exceedance probability (AEP) events. Misconceptions can arise transferring the concept of return period from
the stationary case to the non-stationary case (e.g., Serinaldi, 2015; Sivapalan and Samuel, 2009). For this reason, in this paper we use
AEP to quantify the probability of occurrence of extreme events. The reader familiar with probability quantifications expressed in
terms of return period can consider that, in a stationary context, AEP of 50 %, 5 %, and 1 % correspond to return periods of 2, 20, and
100 years, respectively.

3.1. Temporal trend on annual maxima

The possible presence of trends for observed precipitation annual maxima at the stations, for nine durations in the range 15 min -
72 h, is evaluated by means of a non-parametric linear regression model:
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Fig. 2. Time-series of precipitation extremes corresponding to 50 %, 5 % and 1 % AEP for duration of 15 min, 1-12-24-72 h, estimated in the
Mezzana station. In the 50 % AEP plots, observed annual maxima for the considered durations are also reported (black dots), together with the
Theil-Sen regression model (dashed green line) and the normalized Sen’s slope p (asterisks* indicate that the trend is significant for a significance
level of 5 %). If the Vaia event represents an annual maximum, it is highlighted in the series with a green triangle. The red line indicates that the
partial non-stationary model (ny) is significant for a 5 % significance level, while the blue line indicates non-significance. The dashed red or blue line
indicates the estimates obtained after excluding the Vaia event from the time-series. The dashed black line indicates the return level estimate for the
stationary model (nn). Please note that the slopes are actually invariant with AEP.
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According to the method by Theil (1950) and Sen (1968), the slope estimator (p) is the median of the slopes calculated for the possible
pairs of values of y:

B — median (1) i <j @
j—i

where y represents the annual value of the variable, while i and j are different years. In this paper, normalized slopes are reported in the
result section as the percentage change of the median value per year (Fig. 2). For visual purposes, the trend line is plotted using the
approach described in Conover (1999).The statistical significance of the trends is evaluated with one-sided Mann-Kendall tests
(Kendall, 1975; Mann, 1945) at the 5 % significance level.

3.2. Non-stationary models

The methodological basis of this study is the non-asymptotic Simplified Metastatistical Extreme Value (SMEV) approach (Marra
et al., 2019, 2020). SMEV is a simplified version of the Metastatistical Extreme Value Distribution (MEVD, Marani and Ignaccolo,
2015) in which interannual variability is not considered (Marra et al., 2019). In fact, Fig. 1 in Marra et al. (2019) shows that the
interannual variability of the number of ordinary events is negligible. The main assumption underlying SMEV is that extremes are
samples from the set of independent ordinary events. In this case, when the tail of the ordinary events distribution F(x) is known, the
distribution of the block maxima can be approximated as:

lIJSMEv(X) = F(X)n (3)

where n is the mean number of ordinary events per block. Deriving the distribution of block maxima allows for a direct comparison of
the results obtained with non-asymptotic methods with results obtained with any other extreme value method (either based on block
maxima or on threshold exceedances). The tail of the precipitation ordinary events distribution is represented by a two-parameter
Weibull, both according to physical arguments (Wilson and Toumi, 2005), observed data (e.g., Marra et al., 2023) and stochastic
modelling (Papalexiou, 2022). The Weibull cumulative distribution function is given by:

Fx) =1 7exp( - (%)K) “@

where ) is a scale parameter and « is a shape parameter that determines the tail heaviness of the distribution. The Weibull distribution
should not be confused with the third limiting type of the extreme value theorem, which is the ‘reversed Weibull’ type. In this study,
multiple durations are considered, from sub-hourly to multi-day (15, 30, 45 min, 1, 3, 6, 12, 24, 72 h) using the unified framework by
Marra et al. (2020). The ordinary events of each duration are defined as the duration maxima observed during each storm. Independent
storms are separated using dry intermissions of 24 h for durations up to 24 h, and 72 h for the 72 h duration. While 24 h dry in-
termissions guarantee statistical independence of the ordinary events in this area (Dallan et al., 2022), longer durations require longer
intermissions to ensure consistency between ordinary events and annual maxima (Marra et al., 2020). The tail of the ordinary events
distribution is selected by using a common left-censoring threshold equal to the 90th percentile of the ordinary events. This was
determined for hourly duration in the study area by Dallan et al. (2023) using the test available from Marra et al. (2023). This means
that the magnitude of the ordinary events below the 90th percentile is not used, but their weight in probability is retained as a
non-exceedance in the parameter estimation procedure. Consequently, left-censoring is not equivalent to threshold exceedance.
In this study, a non-stationary formulation of the approach is implemented:

Yoy (X, t) = F(x, A(t), k(1)) 5)

in which scale and shape parameters may depend on time. We assume simple linear dependences on time since the length of the
available records does not allow for more complex models. Moreover, since the aim of this study is to evaluate how the exceedance
probability of extreme events change over time, and not to predict future hydroclimatic scenarios, time represents a useful covariate
for our non-stationary analysis (Jayaweera et al., 2024). The average annual number of ordinary events n is kept constant, given that
no statistically significant changes in the annual number of ordinary events are found. Two non-stationary models are investigated: the
partial model ny (shape No time-dependent, scale Yes time-dependent), in which only scale changes with time, and the complete model
yy (shape Yes time-dependent, scale Yes time-dependent), in which both scale and shape change with time. The stationary model nn
(shape No time-dependent, scale No time-dependent) is also considered as reference.

nm:xe=a. Mh=ay, (6)
ny:k =a, M=a,+bt )
Yy ki=a.+bt A =a +bt 8)

The SMEV probability density function and quantile function for a given exceedance probability p are given by Eq. (9) and Eq. (10),
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Fig. 3. a) Normalized Sen’s slope values (% year ') for precipitation annual maxima (AM) obtained from continuous rainfall time-series at the six
stations, for all the considered durations. The circles indicate the statistical significance of the trend (« = 5 %). b) Mean annual change of the 1 %
AEP events, for all the durations in Mezzana, Malé, Pradalago and Monte Groste stations, obtained with the partial non-stationary SMEV model (ny).
The circles indicate the statistical significance of the partial non-stationary model (ny). Only the four stations within 10 km distance from Rotian
catchment are reported.

respectively (Vidrio-Sahagtn, He, 2022):

pie ol G ool )} -oe(- G

PG (P, ) = { “log {1 (- p)%HK‘ (10)

The parameters of the models are estimated using the maximum likelihood estimator (MLE) with left censoring. The statistical sig-
nificance of the temporal dependence of the parameters (i.e., the significance of b, # 0 and b, # 0) is tested using a likelihood ratio test
with 5 % significance level. In order to test the robustness of the procedure in estimating the low AEP events, the estimation for each
duration is also carried out excluding the Vaia event from the time-series of ordinary events.

3.3. Regional homogeneity of extremes and change in exceedance probability over the Rotian headwater

The headwater of the Rotian catchment is ungauged. Hence, to assess the severity of the Vaia event over that catchment, we need to
use nearby stations. This requires an assessment of the homogeneity of the statistics of rainfall extremes over the area. For this, we
borrow from the established regional frequency analysis theory, largely developed by Hosking and Wallis (1993), (1997), based on
linear L-moments statistics (Hosking and Wallis, 1993), considering the historical annual maxima in the six stations. In this approach, a
heterogeneity measure (H) is calculated based on the between-sites dispersion of L-moments, by considering the weighted standard
deviation of L-CVs, according to the approach described in Hosking and Wallis (1997). Following this rationale, a region is classified as
acceptably homogeneous if H < 1, poorly heterogeneous if 1 < H < 2 and heterogeneous if H > 2. The results show that the region
formed by the six stations is predominantly homogeneous, across durations, for the statistics of extremes. In turn, the Mezzana station
can be used as reference for assessing the severity of the Vaia event over the Rotian headwater catchment, since it is the closest station
having a long quality-checked data time coverage (25 years). The change of the exceedance probability of Vaia event over the 29-years
period 1991-2019 covered by the majority of the stations (including Mezzana) is computed, as well as the absolute change among the
exceedance probability estimated in the year 2018 and the one estimated in the first year of the series. This is done based on the
temporal-dependence structure estimated for the Mezzana station, considering that the area resulted homogeneous in the regional
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Table 3
1 % AEP events [mm] for different durations, estimated with the stationary SMEV model (1st row) and the partial non-stationary SMEV model (2nd
and 3rd row) in the Mezzana station, and percent variation (4th row).

Duration 15 min 30 min 45 min 1h 3h 6h 12h 24h 72h
1 % AEP stat. 18.5 22.1 24.5 25.9 39.9 62.1 93.8 147.8 220.3
1 % AEP non stat. — 1991 15.3 18.0 19.8 21.2 329 52.1 82.2 129.2 178.0
1 % AEP non stat. — 2018 20.6 24.4 27.1 28.3 43.9 68.5 102.3 161.2 251.2
1 % AEP relative increase (1991-2018) 35 % 36 % 37 % 33 % 33 % 31 % 24 % 25 % 41 %

trend analysis carried out by Dallan et al. (2022). Although just the Mezzana station is used to evaluate the severity of the Vaia event
over the catchment, applying the analysis over all the sites allows us to evaluate whether the model provides consistent and robust
results.

4. Results and discussion
4.1. Non-stationary precipitation frequency analysis

Results from the application of the likelihood ratio test show that the partial non-stationary model (rny) for the estimation of ex-
tremes, with only the scale parameter dependent on time, is found significant at 5 % for the majority of durations for both Mezzana and
Malé. Conversely, the addition of a temporal dependence on the shape parameter to form a complete non-stationary model (yy) ap-
pears to produce a model that, in most of the stations, is not statistically significantly different from the ny model (likelihood ratio test
with 0.05 significance level). Fig. 2 reports the time-series of extremes corresponding to 50 %, 5 %, and 1 % AEP for the station of
Mezzana, obtained by implementing the partial non-stationary model (ny). By definition, the median of the observed annual maxima
corresponds to a 50 % AEP, and it should match the 50 % AEP events provided by the statistical model. Comparing the corresponding
trends provides a further way to evaluate the degree of realism of the model (see also Dallan et al., 2022). Fig. 2 shows that the 50 %
AEP values well represent the change over time of the observed annual maxima and they closely mimic the trend lines obtained with
the non-parametric Theil-Sen method. The other stations (Fig. A1, A2, A3, A4, A5) also show the same pattern. This instils confidence
on the suitability of our non-stationary models to describe the temporal dependence structure in precipitation extremes. As shown in
Fig. 2, in Mezzana extremes are increasing for all the reported durations and their dependence on time is statistically significant for all
durations but 24 h. The results obtained with the non-stationary SMEV scheme after excluding Vaia event from the time-series of
ordinary events are also reported, for each considered duration. The results show that the method is generally robust in the
time-dependent estimation of extremes. In particular, no appreciable difference is observed for hourly and sub-hourly durations, which
are the main responsible for debris flow initiation (e.g., Borga et al., 2014). Conversely, for 12, 24 and 72 h Vaia coincides with the
annual maximum and some differences emerge when the event is not included in the inference. However, these differences are just
relevant for the 72 h duration, showing a moderate non-significant increasing trend when Vaia is not included (Fig. 2). The robustness
of the methodology is confirmed by the results obtained for the ensemble of stations (Fig. A1, A2, A3, A4, A5).

Looking at the ensemble of stations (Fig. 3a), only Mezzana and Malé experience significant trends of observed annual maxima of
precipitation for most durations. In particular, Mezzana shows significant trends just for the short durations up to 6 h and Male for all
durations up to 24 h, Pradalago for durations 30 min and 3 h, while Pinzolo just for 3 h duration. These inhomogeneous results are
mainly affected by the length of the time-series, which is longer for Mezzana and Malé. For the short durations, previous studies based
on regional tests found homogeneous and statistically significant trends throughout the region (Dallan et al., 2022; Libertino et al.,
2019). In addition, Libertino et al. (2019) show a temporally uniform increase in the frequency of short-duration record-breaking
events in the study area. In order to provide an estimate of the rate of change of extremes for all the durations in the six stations, the
mean annual change, normalized by the median value, is shown for the 1 % AEP events (Fig. 3b). With the used non-stationary model
(ny), the rate of change of the rainfall events is not dependent on the AEP considered, as it reflects the variation of scale parameter i.e.
b;.. Fig. 3b shows the rate of change of the 1 % AEP for the four stations within the 10 km radius from the Rotian catchment. For the
sake of clarity, Pinzolo and Val Breguzzo stations are not shown, considering their non-significant change and distance from Rotian
catchment. Looking at the ensemble of stations, the trends are generally positive (except some cases such as Pradalago, for 6, 12, 24,
72 h) with the highest values generally obtained for sub-hourly durations. The partial non-stationary model is significant (a« = 5 %) for
the majority of durations for the two stations with the longest time coverage (25 years), that are Mezzana and Malé. These results
confirm that the highest positive variations of extremes are associated to short durations, as already found in Dallan et al. (2022).
Short-duration rainfall extremes are also projected to significantly increase in the future in the Eastern Alps under the RCP8.5 scenario,
as pointed out by Dallan et al. (2024b). Similarly to what obtained in this study for hourly and sub-hourly durations, their results
highlight a substantial increase of the scale parameter at 1 h duration (about 15 % on average in the far future).

4.2. Severity analysis of the Vaia event

In this section, we analyze the severity of the Vaia event over the Rotian catchment considering Mezzana as reference. Table 3
shows the 1 % AEP precipitation (mm) for durations 15, 30, 45 min, 1, 3, 6, 12, 24, 72 h, estimated both with the stationary SMEV
model and the partial non-stationary SMEV model in the Mezzana station. The percent variation in the 1 % AEP precipitation reported
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Table 4

Annual exceedance probabilities (AEP) associated to precipitation maxima during Vaia in the Rotian headwater catchment, for different rainfall
durations, estimated using the stationary SMEV model (1st row) and the partial non-stationary SMEV model (2nd, 3rd row) evaluated at the first year
of Mezzana time-series (1991) and in the year of Vaia (2018). The absolute change of AEP between 1991 and 2018 is also reported (4th row). Bold
values indicate events having AEP < 1 %, which corresponds to return period > 100 years (exceptional events).

Duration 15 min 30 min 45 min 1h 3h 6h 12h 24h 72h
AEP Vaia - stat. > 50 % 10-20 % 3-5% 1-2% < 0.33 % <0.33% 0.33-0.5 % 0.33-0.5 % <0.33%
AEP Vaia - non stat. 1991 30-40 % 5-10 % 0.5-1 % <0.33% < 0.33 % < 0.33% < 0.33% < 0.33% <0.33%
AEP Vaia - non stat. 2018 >70% 30-40 % 5-10 % 2-5% <0.33 % 0.33-0.5 % 0.5-1 % 0.5-1 % <0.33%
Absolute change AEP + 0.3549 +0.2412 + 0.0665 + 0.0294 +9.4e—04 +0.0048 + 0.0076 + 0.0070 + 4.6e—04
T T T T T
107k 1

Exceedance probability of Vaia

104 ¢ 5
5L 45 min 4
10 1h
12h
1061 24h ]
1990 1995 2000 2005 2010 2015 2020

year

Fig. 4. Time-series of the annual exceedance probability of the Vaia event for different durations (45 min, 1, 12, 24 h), estimated with a non-
stationary SMEV approach considering Mezzana as a reference.

in the 4th row is computed as relative difference between the non-stationary 1 % AEP event in 2018 and in 1991.Table 3 illustrates that
1 % AEP events of shorter durations (15 min to 3 h) are increasing at a higher rate compared to longer durations, such as 12 h and 24 h.
This finding aligns with the earlier results of Dallan et al. (2022), who, through an analysis of sub-daily durations, highlighted that
enhanced convective activity is driving the observed changes in both the intensity and frequency of precipitation extremes in the study
region. However, it is noteworthy that the highest relative increase is observed in the 3-day duration, with a 41 % rise. Whereas this
may suggest a clear influence of dynamic processes at longer duration, we also note from Fig. 3b that this result is peculiar of Mezzana,
the other stations showing a less remarkable increase at 72 h, and in some cases even a decrease.

By comparing Table 3 with the precipitation maxima estimated during Vaia storm over the Rotian headwater catchment (Table 2),
it is straightforward noting that for sub-daily, daily and multi-day durations the event is deemed to be exceptional (AEP < 1 %), both
with a stationary and a non-stationary model. On the contrary, for 1 h duration, the event is classified with an AEP between 2 % and
1 % when using a stationary model, while following a non-stationary approach the AEP of the event becomes greater than 2 % in the
year of the storm (Table 4). Finally, for sub-hourly durations the event is associated with higher AEP, which increases over time under a
non-stationary approach. Fig. 4 describes the AEP of the Vaia event over time for relevant durations, as estimated by the partial non-
stationary model. It is worth noting that the highest increase of exceedance probability (i.e., a decrease of average recurrence interval)
for exceptional events (AEP < 1 %), is observed for 45 min - 1 h durations, which are relevant in terms of debris flow impact (see
Table 4).

This outcome indicates that the design of protection structures against short-duration extreme events over the study area may
require updates in light of the increased probability of exceeding the design events used to dimension protection structures in the past.
In general, the application of the non-stationary approach points out that the probability of facing or exceeding events like Vaia
increased over time, for all the considered durations. Should this trend continue, similar storms would likely become frequent in the
future and newer methods will be needed that are able to take into account the changing conditions of hydrological regimes for
planning and evaluating water infrastructure, as pointed out by Salas et al. (2018) and Schlef et al. (2023).

5. Conclusions

This study aims at estimating the time-dependent exceedance probabilities associated to Vaia storm over the Rotian river catch-
ment. The results show that the time-dependent 50 % AEP events obtained using the non-stationary model well reproduce the observed
trend in annual maxima of precipitation, in different stations. Moreover, the approach is robust in the estimation of extremes when
single events, even relevant ones like Vaia, are discarded in the computation. This supports the use of the methodology for estimating
precipitation extremes and, in turn, assessing the time-dependent hazard posed by extreme events such as Vaia, under the non-
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stationary assumption. A considerable increase in the AEP events is obtained for sub-hourly and hourly durations, indicating that the
enhanced convective activity reported by Dallan et al. (2022) can be a major factor driving the observed changes in the intensity and
frequency of precipitation extremes. This is of particular importance in mountainous areas where local processes triggered by
short-duration extremes, such as flash floods and debris flows, can result in severe consequences. Design and risk management under
climate change thus require a careful consideration of small-scale precipitation processes. The important increase reported for 72 h,
while interesting, seems to be peculiar of the Mezzana station, with the other stations reporting a less remarkable increase at longer
than at shorter durations. The Vaia storm can be classified as an exceptional event (AEP < 1 %) at different temporal scales (> 3 h)
both using stationary and non-stationary models. The results show that, although this record-breaking event was more extreme for
longer durations, short-duration precipitations are exhibiting the largest increases. In fact, the non-stationary model suggests that the
probability of observing events like Vaia increased over the past decades, particularly at the short time scales. Similar precipitation
events could thus be observed with higher probability than what estimated in the past decades, leading to the need of updating local
adaptation measures in order to design reliable flood protection structures in a warming climate.
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Figure Al. Time-series of precipitation extremes corresponding to 50 %, 5 % and 1 % AEP for duration of 15 min, 1-12-24-72 h, estimated in the
Malé station. In the 50 % AEP plots, observed annual maxima for the considered durations are also reported (black dots), together with the Theil-Sen
regression model (dashed green line) and the normalized Sen’s slope f (asterisks* indicate that the trend is significant for a significance level of
5 %). If the Vaia event represents an annual maximum, it is highlighted in the series with a green triangle. The red line indicates that the partial non-
stationary model (ny) is significant for a 5 % significance level, while the blue line indicates non-significance. The dashed red or blue line indicates
the estimates obtained after excluding the Vaia event from the time-series. The dashed black line indicates the return level estimate for the sta-
tionary model (nn). Please note that the slopes are actually invariant with AEP.
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Figure A2. Time-series of precipitation extremes corresponding to 50 %, 5 % and 1 % AEP for duration of 15 min, 1-12-24-72 h, estimated in the
Pradalago station. In the 50 % AEP plots, observed annual maxima for the considered durations are also reported (black dots), together with the
Theil-Sen regression model (dashed green line) and the normalized Sen’s slope p (asterisks* indicate that the trend is significant for a significance
level of 5 %). If the Vaia event represents an annual maximum, it is highlighted in the series with a green triangle. The red line indicates that the
partial non-stationary model (ny) is significant for a 5 % significance level, while the blue line indicates non-significance. The dashed red or blue line
indicates the estimates obtained after excluding the Vaia event from the time-series. The dashed black line indicates the return level estimate for the
stationary model (nn). Please note that the slopes are actually invariant with AEP.
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Figure A3. Time-series of precipitation extremes corresponding to 50 %,

5 % and 1 % AEP for duration of 15 min, 1-12-24-72 h, estimated in the

Monte Groste station. In the 50 % AEP plots, observed annual maxima for the considered durations are also reported (black dots), together with the
Theil-Sen regression model (dashed green line) and the normalized Sen’s slope p (asterisks* indicate that the trend is significant for a significance
level of 5 %). If the Vaia event represents an annual maximum, it is highlighted in the series with a green triangle. The red line indicates that the
partial non-stationary model (ny) is significant for a 5 % significance level, while the blue line indicates non-significance. The dashed red or blue line

indicates the estimates obtained after excluding the Vaia event from the time-series. The dashed black line indicates the return level estimate for the
stationary model (nn). Please note that the slopes are actually invariant with AEP.
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Figure A4. Time-series of precipitation extremes corresponding to 50 %, 5 % and 1 % AEP for duration of 15 min, 1-12-24-72 h, estimated in the
Pinzolo station. In the 50 % AEP plots, observed annual maxima for the considered durations are also reported (black dots), together with the Theil-
Sen regression model (dashed green line) and the normalized Sen’s slope p (asterisks* indicate that the trend is significant for a significance level of
5 %). If the Vaia event represents an annual maximum, it is highlighted in the series with a green triangle. The red line indicates that the partial non-
stationary model (ny) is significant for a 5 % significance level, while the blue line indicates non-significance. The dashed red or blue line indicates

the estimates obtained after excluding the Vaia event from the time-series. The dashed black line indicates the return level estimate for the sta-
tionary model (nn). Please note that the slopes are actually invariant with AEP.
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Figure A5. Time-series of precipitation extremes corresponding to 50 %, 5 % and 1 % AEP for duration of 15 min, 1-12-24-72 h, estimated in the
Val Breguzzo station. In the 50 % AEP plots, observed annual maxima for the considered durations are also reported (black dots), together with the
Theil-Sen regression model (dashed green line) and the normalized Sen’s slope p (asterisks* indicate that the trend is significant for a significance
level of 5 %). If the Vaia event represents an annual maximum, it is highlighted in the series with a green triangle. The red line indicates that the
partial non-stationary model (ny) is significant for a 5 % significance level, while the blue line indicates non-significance. The dashed red or blue line

indicates the estimates obtained after excluding the Vaia event from the time-series. The dashed black line indicates the return level estimate for the
stationary model (nn). Please note that the slopes are actually invariant with AEP.
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Data availability

Precipitation data was provided by the Provincia Autonoma di Trento (raw data can be retrieved from https://www.meteotrentino.
it/index.html#!/content?menultemDesktop=143, in Italian only).

The codes used for estimating the parameters of the ordinary events distribution of a non-stationary SMEV model, including the
tests for the statistical significance of the dependences, are freely available from (Marra, 2025); link to the most updated version:
https://doi.org/10.5281/zenodo.14727998. The codes used for estimating return levels are freely available from (Marra, 2024); link
to the most updated version: https://doi.org/10.5281/zenodo.3971557.

References

Amponsah, W., Dallan, E., Nikolopoulos, E.I., Marra, F., 2022. Climatic and altitudinal controls on rainfall extremes and their temporal changes in data-sparse tropical
regions. J. Hydrol. 612, 128090. https://doi.org/10.1016/j.jhydrol.2022.128090.

Borga, M., Stoffel, M., Marchi, L., Marra, F., Jakob, M., 2014. Hydrogeomorphic response to extreme rainfall in headwater systems: Flash floods and debris flows.
J. Hydrol. 518, 194-205. https://doi.org/10.1016/j.jhydrol.2014.05.022.

Borga, M., Zaramella, M., 2020. Evento di piena del 27-29 ottobre 2018 sul bacino del Rio Rotian: stima della precipitazione e valutazione della sua severita. Progetto
VAIA-FROm Lessons learNT to future options. VAIA-FRONT, Rapporto 1.2.

Brenna, A., Marchi, L., Borga, M., Zaramella, M., Surian, N., 2023. What drives major channel widening in mountain rivers during floods? The role of debris floods
during a high-magnitude event. Geomorphology 430, 108650. https://doi.org/10.1016/j.geomorph.2023.108650.

Conover, W.J., 1999. Practical Nonparametric Statistics, Third Ed. John Wiley and Sons, New York, p. 493. ISBN: 978-0-471-16068-7.

Dallan, E., Borga, M., Fosser, G., Canale, A., Roghani, B., Marani, M., Marra, F., 2024a. A method to assess and explain changes in sub-daily precipitation return levels
from convection-permitting simulations. Water Resour. Res. 60, e2023WR035969. https://doi.org/10.1029/2023WR035969.

Dallan, E., Borga, M., Zaramella, M., Marra, F., 2022. Enhanced summer convection explains observed trends in extreme subdaily precipitation in the Eastern Italian
Alps. Geophys. Res. Lett. 49, €2021GL096727. https://doi.org/10.1029/2021GL096727.

Dallan, E., Marra, F., Fosser, G., Marani, M., Formetta, G., Schar, C., Borga, M., 2023. How well does a convection-permitting regional climate model represent the
reverse orographic effect of extreme hourly precipitation? Hydrol. Earth Syst. Sci. 27 (5), 1133-1149. https://doi.org/10.5194/hess-27-1133-2023.

Dallan, E., Marra, F., Fosser, G., Marani, M., Borga, M., 2024b. Dynamical factors heavily modulate the future increase of sub-daily extreme precipitation in the alpine-
mediterranean region. Earth’S. Future 12, e2024EF005185. https://doi.org/10.1029/2024EF005185.

Doocy, S., Daniels, A., Murray, S., Kirsch, T.D., 2013. The human impact of floods: a historical review of events 1980-2009 and systematic literature review. PLoS
Curr. 5.

Formetta, G., Marra, F., Dallan, E., Zaramella, M., Borga, M., 2022. Differential orographic impact on sub-hourly, hourly, and daily extreme precipitation. Adv. Water
Resour. 159, 104085. https://doi.org/10.1016/j.advwatres.2021.104085.

Giovannini, L., Davolio, S., Zaramella, M., Zardi, D., Borga, M., 2021. Multi-model convection-resolving simulations of the October 2018 Vaia storm over northeastern
Italy. Atmos. Res 253, 105455. https://doi.org/10.1016/j.atmosres.2021.105455.

Hosking, J.R.M., Wallis, J.R., 1993. Some statistics useful in regional frequency analysis. Water Resour. Res. 29 (2), 271-281. https://doi.org/10.1029/92WR01980.

Hosking, J.R.M., Wallis, J.R., 1997. Regional frequency analysis: An approach based on L-moments. Cambridge University Press. https://doi.org/10.1017/
CB09780511529443.

IPCC, 2023. Climate Change 2023: Synthesis Report. In: Lee, H., Romero, J. (Eds.), Contribution of Working Groups I, II and III to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change [Core Writing Team. IPCC, Geneva, Switzerland, p. 184. https://doi.org/10.59327/IPCC/AR6-9789291691647.

Jayaweera, L., Wasko, C., Nathan, R., 2024. Modelling non-stationarity in extreme rainfall using large-scale climate drivers. J. Hydrol. 636, 131309. https://doi.org/
10.1016/j.jhydrol.2024.131309.

Kendall, M.G., 1975. Rank Correlation Methods, Fourth Ed. Charles Griffin, London.

Kirchmeier-Young, M.C., Zhang, X., 2020. Human influence has intensified extreme precipitation in North America. Proc. Natl. Acad. Sci. 117 (24), 13308-13313.
https://doi.org/10.1073/pnas.1921628117.

Kreibich, H., Di Baldassarre, G., Vorogushyn, S., Aerts, J.C., Apel, H., Aronica, G.T., Arnbjerg-Nielsen, K., Bouwer, L.M., Bubeck, P., Caloiero, T., Chinh, D.T.,
Cortes, M., Gain, A.K., Giampa, V., Kuhlicke, C., Kundzewicz, Z.W., Llsat, M.C., Mard, J., Matczak, P., Mazzoleni, M., Molinari, D., Dung, N.V., Petrucci, O.,
Schroter, K., Slager, K., Thieken, A.H., Ward, P.J., Merz, B., 2017. Adaptation to flood risk: Results of international paired flood event studies. Earth’S. Future 5
(10), 953-965. https://doi.org/10.1002/2017EF000606.

Libertino, A., Ganora, D., Claps, P., 2019. Evidence for increasing rainfall extremes remains elusive at large spatial scales: The case of Italy, 2019 Geophys. Res. Lett.
46 (13), 7437-7446. https://doi.org/10.1029/2019GL0O83371.

Mann, H.B., 1945. Non-parametric tests against trend. Econometrica 13, 245-259. https://doi.org/10.2307/1907187.

Marani, M., Ignaccolo, M., 2015. A metastatistical approach to rainfall extremes. Adv. Water Resour. 79, 121-126. https://doi.org/10.1016/j.advwatres.2015.03.001.

Marra, F., 2024. A unified framework for extreme sub-daily precipitation frequency analyses based on ordinary events - data and codes - v1.2 (1.2). Zenodo. https://
doi.org/10.5281/zenodo.11934843.

Marra, F., 2025. Nonstationary SMEV model (MLE parameter estimation with left-censoring for the two-parameter Weibull distribution). Zenodo. https://doi.org/
10.5281/zenodo.14967992.

Marra, F., Amponsah, W., Papalexiou, S.M., 2023. Non-asymptotic Weibull tails explain the statistics of extreme daily precipitation. Adv. Water Resour. 173, 104388.
https://doi.org/10.1016/j.advwatres.2023.104388.

Marra, F., Armon, M., Morin, E., 2022. Coastal and orographic effects on extreme precipitation revealed by weather radar observations. Hydrol. Earth Syst. Sci. 26,
1439-1458. https://doi.org/10.5194/hess-26-1439-2022.

Marra, F., Armon, M., Adam, O., Zoccatelli, D., Gazal, O., Garfinkel, C.I., Rostkier-Edelstein, D., Dayan, U., Enzel, Y., Morin, E., 2021. Toward narrowing uncertainty
in future projections of local extreme precipitation. Geophys. Res. Lett. 48 (5), €2020GL091823. https://doi.org/10.1029/2020GL091823.

Marra, F., Borga, M., Morin, E., 2020. A unified framework for extreme subdaily precipitation frequency analyses based on ordinary events. Geophys. Res. Lett. 47
(18), €2020GL090209. https://doi.org/10.1029/2020GL090209.

Marra, F., Nikolopoulos, E.I., Creutin, J.D., Borga, M., 2014. Radar rainfall estimation for the identification of debris-flow occurrence thresholds. J. Hydrol. 519,
1607-1619. https://doi.org/10.1016/j.jhydrol.2014.09.039.

Marra, F., Zoccatelli, D., Armon, M., Morin, E., 2019. A simplified MEV formulation to model extremes emerging from multiple nonstationary underlying processes.
Adv. Water Resour. 127, 280-290. https://doi.org/10.1016/j.advwatres.2019.04.002.

Martini, L., Picco, L., Rainato, R., Pellegrini, G., Lenzi, M.A., Cavalli, M., 2020. Investigating the geomorphic change in the Rio Cordon basin (Italy) after Vaia Storm,
Proceedings of the 10th Conference on Fluvial Hydraulics, CRC Press Taylor & Francis Group, 1774-1781. ISBN: 9781003110958.

Nissen, K.M., Ulbrich, U., 2017. Increasing frequencies and changing characteristics of heavy precipitation events threatening infrastructure in Europe under climate
change. Nat. Hazards Earth Syst. Sci. 17, 1177-1190. https://doi.org/10.5194/nhess-17-1177-2017.

Norbiato, D., Borga, M., Sangati, M., Zanon, F., 2007. Regional frequency analysis of extreme precipitation in the eastern Italian Alps and the August 29, 2003 flash
flood. J. Hydrol. 345 (3-4), 149-166. https://doi.org/10.1016/].jhydrol.2007.07.009.

Papalexiou, S.M., 2022. Rainfall generation revisited: Introducing CoSMoS-2s and advancing copula-based intermittent time series modeling. Water Resour. Res. 58
(6), €2021WR031641. https://doi.org/10.1029/2021WR031641.

15


http://www.meteotrentino.it/index.html#!/content?menuItemDesktop=143
http://www.meteotrentino.it/index.html#!/content?menuItemDesktop=143
https://doi.org/10.5281/zenodo.14727998
http://doi.org/10.5281/zenodo.3971557
https://doi.org/10.1016/j.jhydrol.2022.128090
https://doi.org/10.1016/j.jhydrol.2014.05.022
http://refhub.elsevier.com/S2214-5818(25)00138-7/sbref3
http://refhub.elsevier.com/S2214-5818(25)00138-7/sbref3
https://doi.org/10.1016/j.geomorph.2023.108650
http://refhub.elsevier.com/S2214-5818(25)00138-7/sbref5
https://doi.org/10.1029/2023WR035969
https://doi.org/10.1029/2021GL096727
https://doi.org/10.5194/hess-27-1133-2023
https://doi.org/10.1029/2024EF005185
http://refhub.elsevier.com/S2214-5818(25)00138-7/sbref10
http://refhub.elsevier.com/S2214-5818(25)00138-7/sbref10
https://doi.org/10.1016/j.advwatres.2021.104085
https://doi.org/10.1016/j.atmosres.2021.105455
https://doi.org/10.1029/92WR01980
https://doi.org/10.1017/CBO9780511529443
https://doi.org/10.1017/CBO9780511529443
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1016/j.jhydrol.2024.131309
https://doi.org/10.1016/j.jhydrol.2024.131309
http://refhub.elsevier.com/S2214-5818(25)00138-7/sbref17
https://doi.org/10.1073/pnas.1921628117
https://doi.org/10.1002/2017EF000606
https://doi.org/10.1029/2019GL083371
https://doi.org/10.2307/1907187
https://doi.org/10.1016/j.advwatres.2015.03.001
https://doi.org/10.5281/zenodo.11934843
https://doi.org/10.5281/zenodo.11934843
https://doi.org/10.5281/zenodo.14967992
https://doi.org/10.5281/zenodo.14967992
https://doi.org/10.1016/j.advwatres.2023.104388
https://doi.org/10.5194/hess-26-1439-2022
https://doi.org/10.1029/2020GL091823
https://doi.org/10.1029/2020GL090209
https://doi.org/10.1016/j.jhydrol.2014.09.039
https://doi.org/10.1016/j.advwatres.2019.04.002
https://doi.org/10.5194/nhess-17-1177-2017
https://doi.org/10.1016/j.jhydrol.2007.07.009
https://doi.org/10.1029/2021WR031641

M. Pesce et al. Journal of Hydrology: Regional Studies 59 (2025) 102314

Papathoma-Kohle, M., Schlogl, M., Dosser, L., Roesch, F., Borga, M., Erlicher, M., Keiler, M., Fuchs, S., 2022. Physical vulnerability to dynamic flooding: Vulnerability
curves and vulnerability indices. J. Hydrol. 607. https://doi.org/10.1016/j.jhydrol.2022.127501.

Rainato, R., Martini, L., Pellegrini, G., Picco, L., 2021. Hydrological, geomorphic and sedimentological responses of an alpine basin to a severe weather event (Vaia
storm). Catena 207, 105600. https://doi.org/10.1016/j.catena.2021.105600.

Salas, J.D., Obeysekera, J., Vogel, R.M., 2018. Techniques for assessing water infrastructure for nonstationary extreme events: a review. Hydrol. Sci. J. 63 (3),
325-352. https://doi.org/10.1080/02626667.2018.1426858.

Schlef, K.E., Kunkel, K.E., Brown, C., Demissie, Y., Lettenmaier, D.P., Wagner, A., Wigmosta, M.S., Karl, T.R., Easterling, D.R., Wang, K.J., Francois, B., Yan, E., 2023.
Incorporating non-stationarity from climate change into rainfall frequency and intensity-duration-frequency (IDF) curves. J. Hydrol. 616, 128757. https://doi.
org/10.1016/j.jhydrol.2022.128757.

Sen, P.K., 1968. Estimates of the regression coefficient based on Kendall’s tau. J. Am. Stat. Assoc. 63 (324), 1379-1389. https://doi.org/10.1080/
01621459.1968.10480934.

Serinaldi, F., 2015. Dismissing return periods! Stoch. Environ. Res. Risk Assess. 29, 1179-1189. https://doi.org/10.1007/s00477-014-0916-1.

Serinaldi, F., Kilsby, C.G., 2015. Stationarity is undead: Uncertainty dominates the distribution of extremes. Adv. Water Resources 77, 17-36. https://doi.org/
10.1016/j.advwatres.2014.12.013.

Sioni, F., Davolio, S., Grazzini, F., Giovannini, L., 2023. Revisiting the atmospheric dynamics of the two century floods over north-eastern Italy. Atmos. Res. 286,
106662. https://doi.org/10.1016/j.atmosres.2023.106662.

Sivapalan, M., Samuel, J.M., 2009. Transcending limitations of stationarity and the return period: process-based approach to flood estimation and risk assessment.
Hydrol. Process. 23 (11), 1671-1675. https://doi.org/10.1002/hyp.7292.

Theil, H., 1950. A rank invariant method of linear and polynomial regression analysis, Proceedings of the Koninklijke Nederlandse Akademie Wetenschappen, Series A
Mathematical Sciences, 53, 386-392.

Vidrio-Sahagtn, C.T., He, J., 2022. Hydrological frequency analysis under nonstationarity using the Metastatistical approach and its simplified version. Adv. Water
Resour. 166, 104244. https://doi.org/10.1016/j.advwatres.2022.104244.

Viglione, A., 2023. Extremes in river flood hydrology: making Black Swans grey. EGU General Assembly 2023, Vienna, Austria, 24-28 Apr 2023, EGU23-2227.
https://doi.org/10.5194/egusphere-egu23-2227.

Wasko, C., Westra, S., Nathan, R., Pepler, A., Raupach, T.H., Dowdy, A., Johnson, F., Ho, M., McInnes, K.L., Jakob, D., Evans, J., Villarini, G., Fowler, H.J., 2024.
A systematic review of climate change science relevant to Australian design flood estimation. Hydrol. Earth Syst. Sci. 28, 1251-1285. https://doi.org/10.5194/
hess-28-1251-2024.

Wilson, P.S., Toumi, R., 2005. A fundamental probability distribution for heavy rainfall. Geophys. Res. Lett. 32 (14). https://doi.org/10.1029/2005GL022465.

Wright, D.B., Bosma, C.D., Lopez-Cantu, T., 2019. U.S. hydrologic design standards insufficient due to large increases in frequency of rainfall extremes. Geophys. Res.
Lett. 46, 8144-8153. https://doi.org/10.1029/2019GL0O83235.

16


https://doi.org/10.1016/j.jhydrol.2022.127501
https://doi.org/10.1016/j.catena.2021.105600
https://doi.org/10.1080/02626667.2018.1426858
https://doi.org/10.1016/j.jhydrol.2022.128757
https://doi.org/10.1016/j.jhydrol.2022.128757
https://doi.org/10.1080/01621459.1968.10480934
https://doi.org/10.1080/01621459.1968.10480934
https://doi.org/10.1007/s00477-014-0916-1
https://doi.org/10.1016/j.advwatres.2014.12.013
https://doi.org/10.1016/j.advwatres.2014.12.013
https://doi.org/10.1016/j.atmosres.2023.106662
https://doi.org/10.1002/hyp.7292
https://doi.org/10.1016/j.advwatres.2022.104244
https://doi.org/10.5194/egusphere-egu23-2227
https://doi.org/10.5194/hess-28-1251-2024
https://doi.org/10.5194/hess-28-1251-2024
https://doi.org/10.1029/2005GL022465
https://doi.org/10.1029/2019GL083235

	Increasing probability of record-breaking precipitation: A case-study in the Eastern Italian Alps
	1 Introduction
	2 Study area and data
	3 Methods
	3.1 Temporal trend on annual maxima
	3.2 Non-stationary models
	3.3 Regional homogeneity of extremes and change in exceedance probability over the Rotian headwater

	4 Results and discussion
	4.1 Non-stationary precipitation frequency analysis
	4.2 Severity analysis of the Vaia event

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Acknowledgements
	Data availability
	References


